Based on the hourly gauge-satellite merged precipitation data with the spatial resolution of 0.1° × 0.1° during 2008-2016, the characteristics of extreme precipitation (EP) diurnal cycle along the Yangtze River Basin (YRB) and their regional and sub-seasonal differences during warm season have been indicated and revealed in this study. Results show that the EP amount (EPA) over most lower reaches of YRB exhibits two diurnal peaks with one in late afternoon and the other in morning, while the EPA over most eastern Tibetan Plateau (the Sichuan Basin and the northern Yunnan-Guizhou Plateau) generally peaks during late afternoon to midnight (midnight to early morning). The afternoon (morning) EPA diurnal peaks over the areas east to 110°E is mainly resulted from the short (long) duration EP events. However, both the short and long duration EP events lead to the nocturnal diurnal peaks and eastward propagating features of EPA over the regions west to110°E. The EP events over the Sichuan Basin generally begin at midnight and mostly peak around 03:00-04:00 Beijing time, and they start earlier and end later with the duration time increased. However, the EP events with short (long) duration over the lower reaches of YRB frequently start and peak in afternoon (early morning) and typically end at around 18:00 (07:00-08:00) Beijing time, and they start later (earlier) and end later with the duration time increased. Meanwhile, the EP frequency (EPF) diurnal cycles over the lower reaches of YRB exhibit obvious sub-seasonal differences in warm season, which show only a morning peak in the pre-Meiyu period, two comparable peaks with one in afternoon and the other in morning during the Meiyu period, and a predominant afternoon peak and a secondary morning peak in the post-Meiyu period, respectively. While the EPF over Sichuan Basin characterized by only one dominant early morning peak during all periods of the warm season exhibits much smaller sub-seasonal differences in the diurnal phase relative to that over the lower reaches of YRB.
Study area, data and method
Study area. This study concentrates on the EP along the YRB (95°E-122°E, 26°N-34°N), China, which is the largest river basin in China covering 19 provinces from west to east with an area of 1.8 × 10 6 km 2 (Fig. 1) . The region is characterized by complex terrain and controlled by the East Asian summer monsoon in warm season (May to August), during which the precipitation amount (PA) accounts for more than 50% of the annual PA (not shown) and the EP frequently occurs 32 . As shown in Fig. 2a , the PA along the YRB in warm season decreases from south to north with relatively larger magnitude located over Sichuan Basin, northern Yunnan-Guizhou Plateau and south of the lower reaches of YRB, where the PA is larger than 5 mm d −1 . Meanwhile, more than 30% of the total PA over most YRB is contributed by the EP events during warm season, especially in most Sichuan Basin and northern lower reaches of YRB the EP amount (EPA) contributes more than 35% of the total PA (Fig. 2b) . The EPA with the short duration (<3 hours) contributes more than 85% of the total EPA (TEPA) over most YRB (Fig. 2c ). In addition, the contribution of EPA with long duration (≥3 hours) to the TEPA ranges from 20% to 40% over Sichuan Basin with relatively larger values located along its surrounding mountainous areas ( Fig. 2d ).
Data. The hourly gauge-satellite merged precipitation product with the spatial resolution of 0.1° × 0.1° in latitude and longitude 35, 36 during2008-2016 developed by National Meteorological Information Center of China(http://cdc.cma.gov.cn/home.do) is used in this study. This dataset is generated from the gauge observed precipitation at more than 30,000 automatic weather stations in China combined with the CMORPH satellite precipitation product using the improved probability density function-optimal interpolation (PDF-OI) methods originally 37, 38 . The cross-validation results suggest that this merged gauge-satellite precipitation product over China generated by the improved PDF-OI method shows much smaller bias, root mean square error and higher spatial correlation relative to the original PDF-OI derived precipitation product and good ability in capturing the varying features of hourly precipitation in heavy weather events 39 . Method. The 95 th percentile of all historical hourly precipitation time series in warm season during 2008-2016 is regarded as the EP threshold at each grid based on the cumulative frequency distribution (CFD) method 19, 32 . Following the previous studies 29, [40] [41] [42] , the number of hours between the start and end of an EP event without any intermittence during which the precipitation is larger than the EP threshold is defined as the EP duration. The peak time of an EP event is the hour (00:00~23:00 Beijing time) when the precipitation reaches the maximum value within the duration, if the duration is 1 hour, then the start, end and peak time overlap with each other. The EP events are picked out separately based on the duration ranging from 1 to 10 hours at each grid. According to the duration, the EP events are sorted into short duration (<3 hours) type triggered by strong solar heating with the diurnal maximum rainfall around late afternoon and long duration (≥3 hours) type caused by organized rainfall systems closely related to the large scale monsoon circulation rather than isolated convection generally displaying morning diurnal peaks [40] [41] [42] . Based on the method mentioned above, we record the basic information of each EP event including the start, end and peak time, and duration, the EPA, EP frequency (EPF), and EP intensity (EPI) at each grid. The EPA is the accumulated EP rainfall divided by the total hours (123 × 9 = 1107 h) in warm season during 2008-2016 at each hour of a day (00:00~23:00Beijing time) on each grid. The EPF is the percentage of the total EP hours to the total hours in warm season during 2008-2016 at each hour of a day on each grid. The EPI equals to EPA/EPF.
In addition, we also adopted the diurnal percentage (DP) 43 and variation of EPA/EPF/EPI as follows: www.nature.com/scientificreports www.nature.com/scientificreports/
where R d is the climatic mean daily EPA/EPF/EPI. R t is the climatic mean hourly EPA/EPF/EPI at the t th hour of Beijing time in a day.
) is the mean hourly (daily) EPA/EPF/EPI. DP measures the EPA/ EPF/EPI diurnal variability and D t is the hourly time series of the normalized EPA/EPF/EPI at the t th hour ranging from 00:00 to 23:00 Beijing time.
Considering the distinct differences in the climatic mean of the synoptic environment, we divide the warm season into three sub-periods 43 Figure 3 shows the diurnal percentages of PA along the YRB during warm season. The diurnal percentage of the total PA shows a large center with the magnitude >40% located over the eastern Tibetan Plateau and the western Sichuan Basin, whereas the diurnal percentages in most parts of the middle and lower reaches of YRB are much smaller with the magnitude less than 25% (Fig. 3a) . The diurnal percentage of the EPA (Fig. 3b ) shows similar distribution features to that of the total PA but with much larger magnitude (around twice as much as that of the total PA over most areas). In the lower reaches of YRB, the EPA diurnal percentages are relatively stronger in the northern region than in the southern region ( Fig. 3b ). Diurnal percentages of the short duration EPA and TEPA share a similar pattern with comparable magnitude (Fig. 3b ,c). The diurnal percentages of the long duration EPA over most YRB show much larger magnitude relative to the TEPA (Fig. 3b,d) , especially over the lower reaches of YRB where the diurnal percentage of the long duration EPA is nearly twice as much as that of the TEPA or short duration EPA.
Results

Diurnal variation of EP during warm season.
The diurnal peak time is an important parameter for the precipitation diurnal variation. Previous studies show that the PA in summer exhibit a midnight (late afternoon) diurnal peak over Sichuan Basin (the lower reaches of YRB) 43, 44 . As shown in Fig. 4a , the TEPA diurnal peaks over most eastern Tibetan Plateau occur at late afternoon to midnight (17:00~01:00 Beijing time). Meanwhile, it can be noted that the TEPA diurnal peaks in the Sichuan Basin and the northern Yunnan-Guizhou Plateau appear predominantly between 00:00~06:00 Beijing time. The TEPA over most of the downstream of the YRB and the southeast coast shows diurnal peaks between afternoon and early evening, this is very similar to the distribution of the total PA diurnal peak time. In addition, from the eastern Tibetan Plateau through the Sichuan Basin to around 110°E, the EPA peak time clearly shows an eastward-delayed diurnal phase, indicating the eastward propagation of precipitation systems 41, 45 . The short duration EPA generally shows afternoon to early evening diurnal peaks over most areas except Sichuan Basin and its southeastern and northern surrounding regions where the short duration EPA shows diurnal peaks during midnight to early morning ( Fig. 4b ). From Fig. 4c , the long duration EPA over most YRB tends to show nocturnal and morning diurnal peaks. Meanwhile, the diurnal peak time of long duration EPA over the plateau areas (west to 105°E) appears about 2-4 hours later than that of the short duration EPA (Fig. 4b ). However, the long duration EPA over most central mid-lower reaches of YRB generally show diurnal peaks at morning to noon (07:00 to 12:00 Beijing time) with 3-4 hours earlier relative to the short duration EPA.
From Fig. 5a , the total PA diurnal peaks over the regions west to 110°E show a clear eastward propagation, which begin at 15:00 Beijing time and end at 11:00 Beijing time in the next day. Over the regions east to 110°E the PA shows a predominant diurnal peak in afternoon and a secondary diurnal peak in morning without www.nature.com/scientificreports www.nature.com/scientificreports/ propagating features. The PA afternoon peaks are mainly caused by the unstable lower layers due to the radiative heating of the surface and the subsequent convergence and rise of water vapor 46 . The nighttime PA maxima over the eastern plateau are likely due to the radiative cooling at the top of the stratus, resulting in instability. The eastward growth of the nighttime precipitation is mainly affected by the clockwise rotation of the southwesterly winds in the lower layers 43, 46 .
As shown in Fig. 5b , the TEPA shows very similar distribution to the total PA but with much stronger magnitudes. Comparisons of the distribution of short ( Fig. 5c ) and long ( Fig. 5d ) duration EPA and the TEPA (Fig. 5b ), the afternoon (morning) diurnal peaks of the TEPA over the areas east to 110°E are largely contributed by the short (long) duration EPA. However, the nocturnal diurnal peaks and eastward propagating features of TEPA over the regions west to 110°E are mainly resulted from both short and long duration EP.
Based on the west-east differences in the TEPA along the YRB shown in Figs. 4a and 5b and the terrain distribution, we highlight two sub-regions of the study region, such as the Sichuan Basin (Reg.1, 102°-110°E, 26°-34°N) and the lower reaches of the YRB (Reg.2, 110°-122°E, 26°-34°N), to indicate the regional differences in the EP diurnal variation between the two sub-regions. Figure 6 shows the diurnal cycle of the normalized EPF at the onset, peak and end time of EP events with different duration regionally averaged over each sub-region. From Fig. 6a , the EP with short and long duration and the total EP over the Sichuan Basin consistently tends to occur frequently at around 02:00~04:00 Beijing time. The total EPF (TEPF) shows very similar diurnal cycles to the short duration EPF. However, the diurnal cycles of the long duration EPF show much larger diurnal variability. In addition, the long duration EP events frequently occur at around 02:00 Beijing time with peaks at around 03:00 Beijing time and generally end at about 08:00 Beijing time, they take relatively shorter time to reach their peaks after starts and much longer time to ends after peaks. In the lower reaches of YRB, the diurnal variations of short duration EPF also coincide with those of TEPF. The short duration EP events mostly occur in the afternoon, while the long duration EP events typically start around 06:00 Beijing time, peak at 08:00 Beijing time and end at 11:00-12:00 Beijing time. Similar to the EP with long duration over the Sichuan Basin (Fig. 6a ), these events also take relatively shorter time to reach the peaks after starts and much longer time to reach the ends after peaks (Fig. 6b) . Overall, the frequent occurrences of both short and long duration EP events during midnight to early morning in terms of the starts, peaks and ends of EP events lead to the nocturnal peaks of the TEPF over Sichuan Basin. However, the TEPF over the lower reaches of YRB with double diurnal peaks tends to show a predominant (secondary) peak in afternoon (early morning) due to the frequent occurrences of EP with short (long) duration.
To display the diurnal variation of occurrences of EP events with different duration much more clearly and intuitively, Fig. 7 further gives the normalized EPF at the start, peak and end time of EP events with different www.nature.com/scientificreports www.nature.com/scientificreports/ duration over each sub-region. Over the Sichuan Basin, the EP events with different duration frequently begin and peak at midnight to early morning and mostly end at 07:00-10:00 Beijing time. Meanwhile, the EP starts earlier and ends later with the duration time increased (Fig. 7a,b) . The frequent occurrences of nocturnal EP events over the Sichuan Basin are closely related to the eastward-propagating convective systems originated over the Tibetan Plateau and the upward branch of mountain-plains solenoid induced by the differential heating between the Tibetan Plateau and Sichuan Basin 43 . As shown in Fig. 7c,d , the EP events with short (long) duration over the lower reaches of YRB mostly start and peak in the afternoon (morning) and typically end at 19:00-20:00 (around 09:00-14:00) Beijing time. The frequent occurrences of morning (afternoon) EP events over the lower reaches of YRB are initiated or enhanced by a nocturnal low level southwesterly winds (closely related to the local surface www.nature.com/scientificreports www.nature.com/scientificreports/ radiative heating) 41, 43 . In addition, the EP events with short duration start and end later with the duration time increased. However, the EP events with long duration start earlier and end later with the duration time increased (Fig. 7c,d) . Moreover, the long duration EP clearly tends to occur about 1-4 hours later over the lower reaches of YRB than over the Sichuan Basin in terms of starts, peaks and ends ( Figs. 6 and 7) . Figure 8 shows the propagation patterns of total PA, TEPA, and EPA with short and long duration during different stages of warm season. In the pre-Meiyu period, the total PA exhibits strong eastward propagating features over the regions between 100°E and 112°E. The precipitation systems form in the afternoon over the plateau and start to move eastward at around 18:00 Beijing time and end around noon of next day (Fig. 8a) . During the Meiyu period, the precipitation systems developed over the Tibetan Plateau start to propagate eastward to the area near 110°E around 18:00 Beijing time and end around 09:00 Beijing time in the next day. Meanwhile, the PA over the regions east to 113°E in Meiyu period shows two comparable diurnal peaks with one originating around 113°E at 06:00 Beijing time and propagating eastward to 120°E around noon and the other stationary PA peak in the afternoon (Fig. 8b) . In the post-Meiyu period, the eastward propagating systems initiated along the eastern Tibet can only proceed as far as 108°E and www.nature.com/scientificreports www.nature.com/scientificreports/ As shown by Fig. 9a , the total PF in the Sichuan Basin during the pre-Meiyu period only shows one diurnal peak, which occurs at 04:00-05:00 Beijing time and is accompanied by the largest diurnal variability among the three periods in warm season. The peak occurs about 4 hours later during the Meiyu period with much smaller diurnal variability compared to the pre-Meiyu period. In the post-Meiyu period, the total PF exhibits two comparable diurnal peaks with one at around 04:00 Beijing time and the other located around 17:00 Beijing time. As shown in Fig. 9b , the TEPF during the three stages of warm season shows similar diurnal variation with one diurnal peak at around 03:00-06:00 Beijing time to the total PF. Among the three periods of warm season, the TEPF shows the largest diurnal peak located at 04:00 Beijing time in pre-Meiyu period and comparable diurnal peaks in early morning during Meiyu and post-Meiyu periods. The TEPF diurnal peak happens about 2 hours later (1 hour earlier) in Meiyu (post-Meiyu) period than in pre-Meiyu period. Similar to the total PF and TEPF, the short duration EPF (Fig. 9c ) also displays the largest diurnal variability during pre-Meiyu period among the three stages of warm season with a diurnal peak in early morning. Meanwhile, the afternoon peak of short duration EPF becomes much more obvious during the post-Meiyu period relative to those during the pre-Meiyu and Meiyu periods. From Fig. 9b,d , the long duration EPF shows very similar diurnal cycles to the TEPF with an early morning diurnal peak during each stage but with much larger diurnal variability. Overall, the TEPF early morning peak over Sichuan Basin during each period of warm season is strongly determined by both short and long duration EP events.
Diurnal variation of EP in different stages of warm season.
The total PF over the lower reaches of YRB during the three periods of warm season typically shows two diurnal peaks with the predominant one in afternoon and the secondary one in morning (Fig. 10a) , this is obviously different from the PF diurnal variation over Sichuan Basin (Fig. 9a) . Meanwhile, the PF shows the smallest (largest) diurnal variability during Meiyu (post-Meiyu) period among the three stages of warm season. In addition, the afternoon (morning) PF diurnal peak becomes much more predominant (much weaker) during the post-Meiyu relative to the other two stages in the warm season (Fig. 10a) . The TEPF during the Meiyu (post-Meiyu) period shows two comparable diurnal peaks with one in afternoon and the other in morning (a predominant afternoon peak and a secondary morning peak) (Fig. 10b ), but the TEPF exhibits only one morning peak during the pre-Meiyu period, this is very different from the total PF shown in Fig. 10a . The short duration EPF in each stage of the warm season displays similar diurnal variation to that of the TEPF except that a dominant afternoon peak is observed during the Meiyu period (Fig. 10c ). However, the long duration EPF during the three stages of warm season consistently shows a dominant morning peak (Fig. 10d) . Overall, the short duration EP events largely contribute to the TEPF afternoon peaks over the lower reaches of YRB during the Meiyu and post-Meiyu periods, while both short and long duration EP events determine the TEPF morning peaks during each stage of warm season. 
Summery and discussion
Based on the hourly gauge-satellite merged precipitation data with the horizontal resolution of 0.1° × 0.1° during 2008-2016, the characteristics of EP diurnal cycle along the Yangtze River Basin (YRB) and their regional and sub-seasonal differences during warm season in terms of the EP start, peak and end time, and duration have been studied and indicated. Main findings are shown as follows:
The EPA along the YRB in warm season displays obvious diurnal variation which varies regionally: the EPA over most eastern Tibetan Plateau (Sichuan Basin and northern Yunnan-Guizhou Plateau) generally shows late afternoon to midnight (midnight to early morning) diurnal peaks. While the EPA over most lower reaches of YRB exhibits two diurnal peaks with one in late afternoon and the other in morning resulted from the short and long duration EP events, respectively. However, both short and long duration EP events lead to the nocturnal diurnal peaks and eastward propagating features of EPA over the regions west to110°E. The EP events over Sichuan Basin frequently start and peak in midnight to early morning and generally end at round 08:00 Beijing time, and they start earlier and end later with the duration time increased. While the EP events over the lower reaches of YRB with short (long) duration mostly begin and peak in afternoon (early morning) and typically end at around 18:00 (07:00-08:00) Beijing time, and they start (earlier) and end later with the duration time increased.
The EPF over the lower reaches of YRB (Sichuan Basin) shows obvious (much smaller) sub-seasonal differences in the diurnal phase. Over the lower reaches of YRB, the TEPF during Meiyu (post-Meiyu) period shows two comparable diurnal peaks with one in afternoon and the other in morning (a predominant afternoon peak and a secondary morning peak). While only one dominant morning TEPF peak is observed during the pre-Meiyu period. The TEPF afternoon (morning) peaks during the Meiyu and post-Meiyu periods (the three periods of warm season) are mainly resulted from the short (both short and long) duration EP events. Over the Sichuan Basin, the TEPF during each stage of warm season shows similar diurnal phase with only one early morning peak, which is strongly determined by both short and long duration EP events.
In current study, we have revealed the detailed characteristics of EP diurnal cycle along the YRB and compared their regional and sub-seasonal differences over Sichuan Basin and lower reaches of YRB. But what causes the difference is still an open question. Previous studies indicate that the complex terrain and monsoon circulation mainly contribute to the differences of EP diurnal cycle 21, 34, 45, 47 . Firstly, from east to west along the YRB, there is obvious difference of terrain height between middle and upper reaches of YRB and lower reaches of YRB, especially in east Tibetan Plateau and Sichuan Basin covered by complex terrain. On the one hand, the heterogeneous heating between the mountain and basin causes the mountain-valley wind circulation, which plays a key role in the difference of diurnal peak time between mountains and basins 48, 49 . Just like mountain-valley wind circulation, the sea-land breeze circulation results in the EP diurnal cycle over the coastal regions 50, 51 . On the other hand, the eastward movement of convection systems and low vortex affected by the heating over the Tibetan Plateau are well related to the EP diurnal cycle along the YRB, especially the nocturnal EP events over the Sichuan Basin 29, 43, 52 . Secondly, the East Asian summer monsoon (EASM) dominates the summer precipitation change over the middle and lower reaches of YRB, the large-scale circulations of EASM systems, such as subtropical westerly jet, western Pacific subtropical high, both the intraseasonal variations of their position and strength lead to the sub-seasonal changes in the EP diurnal cycle 43, 53, 54 . Meanwhile, the mesoscale convective systems and tropical cyclone strengthen the EP diurnal cycle 55, 56 . Some studies indicate that the terrain is well related to the short duration EP events 47 , and the low tropospheric circulation contributes to the long duration EP events 41 .
Although previous studies have revealed the possible mechanism between terrain and monsoon circulation of the EP diurnal cycle along the YRB, several questions are still unclear. For example, the precipitation well depends on the elevation 57 . In this study we only compare the EP diurnal characteristics between eastern Tibetan Plateau, the Sichuan Basin and northern Yunnan-Guizhou Plateau, but do not discuss the dependence of EP diurnal cycle on the elevation along the eastern slope of the Tibetan Plateau. Moreover, the precipitation in the Sichuan Basin is modulated by both the EASM and the circulations over the Tibetan Plateau 21, 58, 59 . Then what are the concurrent effects of two large-scale circulations on the EP diurnal cycle in Sichuan Basin? Finally, the thermal contrast between the Tibetan Plateau and western Pacific can influence the intraseasonal movement of EASM circulation systems and then modulate the diurnal cycle of precipitation 60, 61 . In the future study, based on much finer spatiotemporal resolution data and numerical simulations, we will focus on examining the concurrent and individual effect of complex terrain and EASM on the EP diurnal cycle, and the contribution of thermal forcing over the Tibetan Plateau and western Pacific to the intraseasonal movement of EASM circulation system and EP diurnal cycle also should be discussed.
